Readily prepared 2-arylacetic anhydrides act as convenient ammonium enolate precursors in isothiourea (HBTM-2.1)-mediated catalytic asymmetric intermolecular Michael addition-lactonisation processes, giving diverse synthetic building blocks in good yield with high diastereo -and enantiocontrol (up to 95:5 dr and >99% ee).
Introduction
Within the arena of Lewis base catalysis, 1 the generation and application of ammonium enolates 2 toward generating stereodefined molecules with high levels of stereocontrol is of widespread interest in asymmetric catalysis. 3 Most commonly formed from the interaction of a nucleophilic tertiary amine with either a preformed or in situ generated ketene, 4 C1-ammonium enolates present an attractive alternative to existing organocatalytic strategies for the generation of enolates or their equivalents such as the use of enamines, 5 N-heterocyclic carbenes (NHCs), 6 and cinchona alkaloid derivatives. 7 Building upon the pioneering intramolecular nucleophile catalysed aldol-lactonisation (NCAL) strategy developed by Romo, 8 we have recently shown that isothioureas, 9 initially employed by Birman and Okamoto as efficient O-acyl transfer reagents, 10 can generate ammonium enolates from carboxylic acids through in situ formation of a mixed anhydride and subsequently undergo a range of intra-and intermolecular Michael addition-cyclisation processes. 11 While this powerful synthetic strategy allows access to a range of stereodefined products in high enantioselectivity, noteworthy drawbacks include the use of excess sacrificial base (up to 4 equivalents of i-Pr 2 NEt) and the production of unwanted by-products derived from the acid "activating agent" (such as pivalic anhydride derived from pivaloyl chloride) that can be difficult to separate from the desired products ( Figure 1 ). As part of our on-going interest in Lewis base catalysis 12 we wished to investigate alternative bench stable precursors to ammonium enolates at the carboxylic acid oxidation level. Following our recent report on the generation of ,-unsaturated acyl ammonium species from homoanhydrides, 13 and inspired by Connon's functionalisation of enolisable anhydrides using bifunctional squaramides, 14 in addition to Chi's use of p-nitrophenyl esters as azolium enolate precursors, 15 we envisaged readily available 2-arylacetic anhydrides as C1-ammonium enolate precursors ( Figure 2 ). Using this strategy, the only by-product from such a process would be an equivalent of the parent acid that would be easily removed via basic aqueous work-up. While one equivalent of the parent arylacetic acid would be discarded in this process, their commercial availability and relatively cheap cost would mitigate their use in the asymmetric formation of diverse valueadded chemical building blocks. We showcase herein our results concerning the asymmetric Michael additionlactonisation of isothiourea derived ammonium enolates from readily prepared 2-arylacetic anhydrides and a range of Michael acceptors, giving stereodefined products with high diastereoand enantiocontrol (up to 95:5 dr and >99% ee). 
Results and discussion
Optimisation Studies: Initial proof of concept studies used 2-phenylacetic anhydride 1 as an ammonium enolate precursor and trifluoromethylenone 2 as a Michael acceptor, with laboratory grade solvents employed as standard. 2-Phenylacetic anhydride (and all 2-arylacetic anhydrides used throughout this manuscript) is simply prepared by reaction of the parent arylacetic acid with DCC and is bench stable for approximately one week. 17 Using achiral DHPB (10 mol%) as a catalyst only ~80% conversion of trifluoromethyl ketone 2 was observed when 1 equivalent of both 2-phenylacetic anhydride and i-Pr 2 NEt were used. Using a slight excess of anhydride 1 (1.25 eq) and i-Pr 2 NEt (1.25 eq) was necessary for complete consumption of 2, presumably due to Claisen-type self condensation of the anhydride, giving 4 after in situ ring opening with MeOH in 71% yield and 90:10 dr at rt. Screening of a small number of chiral isothioureas in this process showed that HBTM-2.1 3 offered higher enantioselectivity then either tetramisole or benzotetramisole at rt (entries 2-4, Scheme 1). Lowering the reaction temperature to -78 °C gave optimal diastereo-and enantiocontrol using HBTM-2.1 3 (entry 5), giving trifluoromethyl ketone 4 directly from anhydride 1 in 78% yield, 90:10 dr and 99% ee. Alternatively, Michael addition-lactonisation gave lactone 5 that was isolated in 81% yield and with excellent diastereo-and enantioselectivity (94:6 dr, 98% ee). In all cases, highly pure material could be obtained after a simple acid/base work-up, with chromatographic purification used to obtain analytical samples. 
Generality: Anhydrides as ammonium enolate precursors for asymmetric Michael addition-lactonisation with trifluoromethylenones
With an optimised process developed, the generality of this asymmetric Michael addition-lactonisation process using 2-arylacetic anhydrides was investigated. Sequential variation of the anhydride component was first investigated using trifluoromethylenone 2 (Table 2) , with all product racemates prepared using DHPB. Using 5 mol% of 3 as standard, under optimised conditions this process readily tolerates 3-or 4-aryl substitution within the anhydride, including electronwithdrawing and -donating substituents (products 6-11) as well as extended aromatic systems (product 12). Interestingly, 2-aryl substitution within the anhyride is not tolerated in this system. For example the use of 2-(2-methylphenyl)acetyl 2-(2-methylphenyl)acetate gave <5% conversion to the desired product. Furthermore the use of 2-(thiophen-3-yl)acetic anhydride leads to reduced product diastereoselectivity (product 13), although still gives the major diastereoisomer in high ee (>99% ee). Subsequent studies showed the versatility of this process by focusing upon functionalisation of 2-phenylacetic anhydride with a range of trifluoromethylenones as well as variation of the nucleophilic ring-opening reaction component (Table 3) . For example, in addition to in situ ring opening with methanol, alternative nucleophiles such as ethanol and allyl alcohol can also be used (products 14 and 15). Within the Michael acceptor, both electron-withdrawing (4-Cl) and electron-donating (4-OMe) substituents in the aryl unit are readily incorporated, providing the corresponding products in high ee. Heteroaryl substituents (2-furyl), as well as extended aromatic substituents (2-Np) can also be incorporated with good dr (up to 88:12) and ee (up to 99% ee). 
Anhydrides as ammonium enolate precursors for Michael addition-lactonisations with -keto-,-unsaturated esters and N-aryl-N-aroyldiazenes
Having developed an efficient protocol for the isothiourea catalysed Michael addition-lactonisation of anhydrides and 4-aryl-trifluoromethylenones, this process was extended to other classes of suitably electron deficient Michael acceptors such as -keto-,-unsaturated esters and N-aryl-N-aroyldiazenes. While DHPB can be used to prepare product racemates for analysis, (±)-HBTM-2.1 was used with these reaction classes (and is recommended from a practical standpoint) as it typically leads to a cleaner reaction profile and higher product yields. In the asymmetric series, -keto-,-unsaturated esters proved suitable partners within this process (Table 4) . Once more, electron-donating and electron-withdrawing substituents, as well as heteroaryl substitution within both anhydride and -keto-,-unsaturated ester reaction components was tolerated, affording a range of anti-dihydropyranones in high yields (78-86%) and with high diastereo-and enantioselectivity (up to 98:2 dr, exclusively >99% ee).
4 | J. Name., 2012, 00, [1] [2] [3] This journal is © The Royal Society of Chemistry 2012 As a final demonstration of the utility of this methodology, functionalisation of 2-arylacetic anhydrides with N-aryl-Naroyldiazenes using a tandem Michael addition-lactonisation ring-opening protocol with MeOH was achieved (Table 5) . Using simple reaction conditions, a range of anhydrides bearing electron-donating and electron-withdrawing aryl substituents, as well as heteroaryl substitution were tolerated, alongside variation of the acyl unit within the N-aryl-N-aroyldiazenes. In all cases, a variety of stereodefined hydrazides were isolated in high yields (61-85%) and excellent enantioselectivity (up to >99% ee) following in situ methanolysis. For all of these transformations we postulate a catalytic cycle that proceeds via initial N-acylation of HBTM-2.1 with the arylacetic anhydride to form the corresponding acyl ammonium ion. Deprotonation generates the corresponding (Z)-enolate, which undergoes stereoselective Michael addition, followed by intramolecular cyclisation, to generate the corresponding heterocyclic species (Figure 3) . The sense of stereoinduction in these transformations is consistent with our previous rationale. 
Conclusions
In conclusion, 2-arylacetic anhydrides are convenient and readily prepared precursors for the formation of ammonium enolates in isothiourea-mediated Michael additionlactonisation processes. N-aryl-N-aroyldiazenes, 4-aryltrifluoromethylenones and -keto-,-unsaturated esters are reactive Michael accceptors in this process, with HBTM-2.1 (5 mol%) readily promoting heterocycle formation with high diastereo-and enantiocontrol (up to 95:5 dr, up to >99% ee). This protocol offers a useful and practical alternative to the in situ carboxylic acid activation method, in which by-product formation and the amount of sacrificial base used is minimised. Current research from this laboratory is directed toward developing alternative applications of isothioureas in asymmetric catalysis and expanding the synthetic utility of anhydrides as ammonium enolate precursors.
Experimental

General Information
Reactions involving moisture sensitive reagents were carried out under an argon atmosphere using standard vacuum line techniques in addition to freshly distilled solvents. All glassware used was flame dried and cooled under vacuum. Solvents (THF, CH 2 Cl 2 , toluene, hexane and Et 2 O) were obtained anhydrous and purified by an alumina column (Mbraun SPS-800). Petrol is defined as petroleum ether 40-60 °C. All other solvents and commercial reagents were used as supplied without further purification unless stated otherwise. Room temperature (rt) refers to 20-25 °C. Temperatures of 0 °C and -78 °C were obtained using ice/water and CO 2 (s)/acetone baths respectively. Temperatures of 0 °C to -50 °C for overnight reactions were obtained using an immersion cooler (HAAKE EK 90). Reflux conditions were obtained using an oil bath equipped with a contact thermometer. In vacuo refers to the use of a Büchi Rotavapor R-2000 General procedure A: Formation of anhydrides. To a solution of carboxylic acid (1 equiv.) in toluene was added DCC (0.50-0.55 eq) and the solution was allowed to stir at rt for 15 minutes. The reaction mixture was filtered and the filtrate was concentrated in vacuo to give the crude reaction mixture.
General procedure B:
Michael-lactonisations. To a solution of anhydride (1.25 equiv.) in CH 2 Cl 2 (~2 mL per 0.2 mmol of anhydride) was added either (±)-HBTM-2.1 or (2S,3R)-HBTM-2.1 (5 mol%) followed by Michael acceptor (1 equiv.) and DIPEA (1.25 equiv.) at -78 °C. The reaction mixture was stirred at -78 °C until complete by TLC and was subsequently quenched by addition of 1M HCl. Once warmed to rt, the reaction mixture was poured into water and extracted twice with CH 2 Cl 2 . The combined organics were washed with sat. aq. NaHCO 3 , dried (MgSO 4 ), filtered and concentrated in vacuo to give the crude reaction mixture.
General Procedure C: Tandem Michael-lactonisation ringopening (HBTM-2.1) To a solution of anhydride (1.25 equiv.) in CH 2 Cl 2 (~2 mL per 0.2 mmol of anhydride) was added either (±)-HBTM-2.1 or (2S,3R)-HBTM-2.1 (5 mol%) followed by Michael acceptor (1 equiv.) and DIPEA (1.25 equiv.) at -78 °C. The reaction mixture was stirred at the required temperature until complete by TLC then excess alcohol was added. This was stirred overnight at rt. The reaction mixture was quenched by addition of 1M HCl. Once warmed to rt, the reaction mixture was poured into water and extracted twice with CH 2 Cl 2 . The combined organics were washed with sat. aq. NaHCO 3 , dried (MgSO 4 ), filtered and concentrated in vacuo to give the crude reaction mixture. -b] benzothiazole (DHPB) 35, HBTM-2.1 (±) 3 and HBTM-2.1 (2S,3R) 3 were made according to literature procedures. 
Starting Materials Used Isothiourea Catalysts
3,4-dihydro-2H-pyrimido[2,1
Trifluoromethyl Enones
(E)-1,1,1-trifluoro-4-phenylbut-3-en-2-one 2, (E)-4-(4- chlorophenyl)-1,1,1-trifluorobut-3-en-2-one 36, (E)-1,1,1- trifluoro-4-(naphthalen-2-yl)but-3-en-2-one 37, (E)-4-(4- methylphenyl)-1,1,1-trifluorobut-3-en-2-one 38, (E)-4-(4- bromophenyl)-1,1,1-trifluorobut-3-en-2-one 39, (E)-4-(4- methoxyphenyl)-1,1,1-trifluorobut-3-
N-aryl-N-aroyldiazenes used
(E)-N-(phenylimino)benzamide 46, (E)-4-chloro-N- (phenylimino)benzamide 47, (E)-4-nitro-N- (phenylimino)benzamide 48, (E)-4-methyl-N- (phenylimino
2-(m-tolyl)acetic anhydride 53.
Following general procedure A, m-tolylacetic acid (1.00 g, 6.62 mmol), DCC (0.72 g, 3.50 mmol) and toluene (20 mL) gave anhydride 53 as a yellow oil (0.75 g, 80%); δ H (300 MHz, CDCl 3 ) 2.27 (6H, s, CH 3 ), 3.54 (4H, s, 2CH 2 ), 6.99-7.02 (3H, m, ArH), m, ArH) . Spectroscopic data are in accordance with the literature. (1)), 130.6 (2ArC(2,6)), 159.2 (2ArC (4) (Table 2) (3R,4R)-3,4-diphenyl-6-(trifluoromethyl)-3,4-dihydro (9H, m, ArH); δ C (100MHz, CDCl 3 ) 41.1 (C(4) ), 43.4 (C(3)), 52.6 (CH 3 ) 56.5 (C (2) (1)), 139.9 (C(2)ArC (1) (C(4) ), 43.6 (C(3)), 52.4 (CH 3 ) 55.4 (CH 3 ), 56.3 (C(2)), 114.0 (C(2)ArC(3,5)), 127.2 (C(3)ArC (4)), 128.1 (ArC), 128.3 (C(2)ArC (1)), 128.5 (ArC), 129.6 (ArC), 139.7 (C(3)ArC (1)), 159.0 (C(2)ArC (4) , DIPEA (43.5 µL, 0.25 mmol) in CH 2 Cl 2 (2 mL) for 16 h at -78 °C followed by methanol (2 mL) gave (2R,3R)-11 (93:7 dr). Chromatographic purification (5% Et 2 O:petrol eluent) gave pure product (2R,3R)-11 (93:7 dr) as a white solid (51.7 mg, 71%) with identical spectroscopic data as previously reported;
Preparation of products
11e Chiral HPLC chiralpak AD-H (5% IPA:hexane, flow rate 1 ml min -1 , 211 nm) t R (2S,3S) 4.4 min, t R (2R,3R) 5.1 min, 98% ee.
(2R,3R)-methyl 6,6,6-trifluoro-2-(naphthalen-2-yl)-5-oxo-3-phenylhexanoate 12. Following general procedure C, anhydride 57 (88.5 mg, 0.25 mmol), enone 2 (40.0 mg, 0.20 mmol), HBTM-2.1 (2S,3R)-3 (3.08 mg, 0.01 mmol, 5 mol%), DIPEA (43.5 µL, 0.25 mmol) in CH 2 Cl 2 (2 mL) for 16 h at -78 °C followed by methanol (2 mL) gave crude product (2R,3R)-12 (94:6 dr). Chromatographic purification (5% (1) (Table 3) (2R,3R)-methyl 6,6,6-trifluoro-5-oxo-2,3-diphenylhexanoate 4. Following general procedure C, anhydride 1 (63.5 mg, 0.25 mmol), enone 2 (40.0 mg, 0.20 mmol), HBTM-2.1 (2S,3R)-3 (3.09 mg, 0.01 mmol, 5 mol%) and DIPEA (43.5 µL, 0.25 mmol) in CH 2 Cl 2 (2 mL) for 16 h at -78 °C followed by methanol (2 mL) gave crude product (2R,3R)-5 (90:10 dr). (4)), 43.6 (C(3)), 52.4 (CH 3 ), 57.1 (C(2)), 115.4 (q, J 290, CF 3 ), 127.2 (ArC), 127.6 (ArC), 128.1 (ArC), 128.5 (ArC), 128.5 (ArC), 128.6 (ArC), 136.2 (C(2)ArC (1)), 139.6 (C(3)ArC (1) (4)), 43.6 (C(3)), 52.1 (CH 3 ), 57.6 (C(2)), 128.7 (ArC), 128.8 (ArC), 129.3 (ArC), 136.1 (C(2)ArC (1)), 140.4 (C(3)ArC (1) (4)), 43.6 (C(3)), 57.8 (C (2) (1)), 139.7 (C(3)ArC (1) (1) (4)), 43.6 (C(3)), 57.2 (C(2)), 65.9 (allyl CH 2 ), 118.9 (CH=CH 2 ), 127.2 (ArC), 127.7 (ArC), 128.1 (ArC), 128.5 (ArC), 128.6 (ArC), 128.6 (ArC), 131.7 (CH=CH 2 ), 136.2 (C(2)ArC (1)), 139.6 (C(3)ArC (1) (1) (4)), 128.5 (ArC), 128.6 (ArC), 129.1 (ArC), 131.5 (C(3)ArC (1)), 136.3 (C(2)ArC (1)), 158.5 (C(3)ArC (4) 1H, dd, J 3.2, 0.3, ArH), 6.08 (1H, dd, J 3.2, 1.9, ArH), m, ArH), m, ArH) ; δ C (125 MHz, CDCl 3 ) 37.4 (C(3)), 38.5 (C(4)), 52.5 (CH 3 ), 54.7 (C(2)), 108.1 (ArC), 110.3 (ArC), 115.5 (q, J 290, CF 3 ), 127.9 (ArC), 128.3 (ArC), 128.7 (ArC), 136.1 (C(2)ArC (1)), 141.7 (C(3)ArC (5) (3R,4R)-methyl 2-oxo-3,4-diphenyl-3,4-dihydro-2H-pyran-6 m, ArH), 7.01 (2H, d, J 6.8, ArH), (4H, m, ArH); δ C (75 MHz, CDCl 3 ) 44.9 (C(4)), 48.0 (C(3)), 52.9 (CH 3 ), 117.2 (C (5) (Table 5) (R)-methyl 2-(2-benzoyl-1-phenylhydrazinyl)-2-phenylacetate 27. Following general procedure C, anhydride 1 (63.5 mg, 0.25 mmol) in CH 2 Cl 2 (2 mL), HBTM-2.1 (2S,3R)-3 (3.09 mg, 0.01 mmol, 5 mol%), diazene 46 (42.0 mg, 0.20 mmol) and DIPEA (43.5 L, 0.25 mmol) for 30 mins at -78 °C, followed by addition of MeOH (2 mL) and stirring for 1 h at rt gave, after chromatographic purification (eluent Et 2 O:petrol 50:50) a rotameric mixture (ratio 90:10) of hydrazide (2R) (N-H), 2951, 2932 (C-H) 7.13 (1H, t, J 7.3, ArH), 7.21 (2H, t, J 7.7, ArH), 7.26 (2H, d, J 8.1, ArH) , 8.05 (1H, br s, NH); δ C (75 MHz, CDCl 3 ) 52.5 (OCH 3 ), 68.1 (C(2)), 115.5 (NArC(2,6)), 122.6 (NArC (4) (R)-methyl 2-(2-(4-methylbenzoyl)-1-phenylhydrazinyl)-2-phenylacetate 34. Following general procedure C, anhydride 1 (63.5 mg, 0.25 mmol) in CH 2 Cl 2 (2 mL), HBTM-2.1 (2S,3R)-3 (3.09 mg, 0.01 mmol, 5 mol%), diazene 49 (44.8 mg, 0.20 mmol) and DIPEA (43.5 L, 0.25 mmol) for 30 mins at -78 °C, followed by addition of MeOH (2 mL) and stirring for 1 h at rt gave, after chromatographic purification (eluent Et 2 O:petrol 50:50) a rotameric mixture (ratio 92:8) of hydrazide (2R)-34 as a white solid (63.2 mg, 85%) with identical spectroscopic data as previously reported;
Preparation of products (Table 4)
Preparation of products
11c Chiral HPLC Chiralpak IB (10% IPA:hexane, flow rate 1 mL min -1 , 220 nm, 30 °C) t R (2S): 11.7 min, t R (2R): 13.5 min, 99% ee.
